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Abstract
Pseudo-ordered macroporous iron-phosphorous (Fe-P) films have been electrode-
posited potentiostatically from a citrate-sulfate bath onto Au surfaces pre-
patterned with a colloidal crystal mask of polystyrene spheres of 350 nm in
diameter. The electrolyte contained sodium hypophosphite as the P source, en-
abling the incorporation of 6-14 at.% P. For comparative purposes, continuous
films have been obtained galvanostatically on unpatterned Au surfaces. In both
cases, the P content could be varied to a certain extent by adjusting the deposi-
tion potential or current density. Tunable microstructure and magnetic response
was observed due to the dissimilar chemical composition, with coercivity values
being larger in the macroporous films. Additionally, wettability analyses showed
that these were more hydrophobic, reaching contact angle values of about 130◦.
In spite of their hydrophobic character, the samples were catalytic toward oxy-
gen evolution reaction (OER) in alkaline media. The macroporous Fe-P films
showed faster kinetics for OER than their nonporous counterparts. Our results
show that electrodeposited porous Fe-P based materials show an interesting
combination of properties which make them appealing for applications includ-
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ing water cleaning, soft-magnetic components, or electrocatalytic production of
oxygen, to name a few.
Keywords: Electrodeposition, iron-phosphorous, macroporous films,
wettability, magnetic properties
1. Introduction
The electrodeposition of iron and some of their alloys is not straightforward
from aqueous solution due to the oxidation from Fe(II) to Fe(III) at the anode
or the precipitation of iron hydroxides at the cathodic surface due to local al-
kalization [1, 2]. Yet, high quality iron deposits can be obtained from ferrous5
chloride and calcium chloride (known as Fischer-Langbein) solutions or mixed
sulfate-chloride baths, as reviewed by Izaki [3]. Although Fe electrodeposition
is complex and, hence, research in this area has been limited, the plating com-
munity has recently renewed interests toward Fe plating [4]. Iron is one of the
most abundant metals on the Earth’s crust, and consequently, a cheaper, and10
sometimes also a greener, alternative to other metals. Compared to pure Fe,
electrodeposition of Fe alloys has been researched more extensively (e.g. alloys
with Ni [5], Cu [6], W [2] or metalloids like B [7, 8] or P [9]), often while trying to
preserve the features brought by Fe element (ferromagnetism and malleability,
among others).15
Electrodeposition offers the possibility to produce non-equilibrium alloys
in the as-prepared state, which is very interesting when amorphous materials
are pursued. In addition, little changes in the growth conditions can result
in a significant change in the phase structure of electrodeposits with the same
chemical composition [10]. Interestingly, Fe-P with ca. 20 at.% belongs to a20
group of amorphous alloys that can be obtained by electrochemical means under
relatively simple experimental conditions [11].
Fe-P alloys have attracted the interest of researchers because of their mag-
netic and protective properties which highly depend on the amount of P. The
electrodeposition of Fe-P alloy coatings suitable for various purposes like cor-25
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rosion protection [12], electrical power equipment (transformers, rotating ma-
chines, etc.) [13] or electrocatalysis [14] has been explored by several researchers.
In particular, Fe-P has been advocated as an outstanding soft magnetic mate-
rial due to its low coercivity and high magnetic flux density [15]. Particular
emphasis has been laid in the production of amorphous films. The impact of30
pH, current density and glycine concentration on Fe-P electrodeposition from
a sulphate electrolyte were explored by Vitkova et al. to find out the opti-
mal conditions toward amorphous films [11]. Likewise, Kamei and Maehara
characterized the magnetic properties and the microstructure of electroplated
amorphous Fe-P alloys. The authors concluded that the coatings became amor-35
phous for P contents of about 20 at.% or higher [16]. Upon annealing of the
as-deposited Fe-P materials, different metal phosphides like Fe3P, Fe2P, FeP,
and FeP2 can form [17, 18].
Materials with spatially ordered porous features at the macro- and mesoscales
have been explored over the last years. Owing to the synergies arising from40
their constituent elements, sophisticated shape, and large surface-to-volume
ratio (S/V), these materials are advantageous for a wide variety of applica-
tions. Photonic devices, catalysis, separation technology, nano-electronics, sen-
sors, batteries, supercapacitors, fuel cells, sorption, thermal insulation, surfaces
with special wetting properties, are just some of the myriad applications of45
porous materials. Although several methods toward periodic porous structures
are available, deposition of the material over a colloidal crystal template fol-
lowed by the selective removal of the latter is attractive for several reasons [19].
Namely, different pore sizes can be targeted by simply changing the diameter
of the colloidal particles, layering can be tuned on demand, from thin films to50
three-dimensionally ordered macroporous materials, and both metals and metal
oxides can be produced. The approach encompasses the following steps: (1) the
preparation of a colloidal dispersion, (2) the anchorage of the fine particles (typ-
ically uniformly sized spheres) onto a substrate by dip-coating, spin-coating, or
electrophoretic deposition, (3) the filling of the empty space between the close-55
packed spheres with the target material, and (4) the selective removal of the
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colloidal particles, which can be accomplished by their dissolution in an organic
solvent or calcination. As a result, the inverse replica of the parent colloidal
crystal template is obtained. Several routes have been employed to date to
fill the voids between the beads, namely, sol-gel, emulsion-gel, or liquid phase60
reaction [20, 21, 22]. Electrodeposition has also been employed to fill the inter-
stitial space between the particles with great success [23]. Compared to other
methods, it offers a good control over the degree of filling and wall thickness.
Most importantly, many metals can be deposited and co-deposited from the
same electrolyte with the possibility of fine-tuning their atomic ratio by sim-65
ply adjusting the electrochemical parameters [24, 25]. For bead sizes (and, in
turn, pore sizes) greater than 50 nm, the resulting films are commonly termed
macroporous.
Intense research is being carried out during the last few years on porous
magnetic materials. Porous films can be used, for example, to achieve enhanced70
magnetoelectric effects (that is, to induce changes in their magnetic properties
by means of externally applied voltages) [26, 27, 28]. Magnetoelectric effects
(in particular, voltage-driven reduction of coercivity) can drastically decrease
the energy consumption of magnetic storage systems and other types of magne-
toelectric devices (because then magnetic switching requires of lower magnetic75
fields). The large S/V ratio of magnetic porous alloys promotes an enhanced
electric surface charging and concomitantly triggers larger magnetoelectric ef-
fects [27]. Porous magnetic materials can be also functionalized and effectively
charged with drugs, offering the possibility of magnetically-guided drug deliv-
ery for anticancer treatments [29]. Also, biodegradability is enhanced in porous80
materials compared to their bulk counterparts, which can be advantageous for
temporary implant devices. In this context, Fe-P foams have been proposed as
biodegradable bone replacement materials [30]. Herein, porosity is introduced
in order to decrease the Young’s modulus of the material to make it closer to
bone and increase biodegradability.85
The electrolysis of water provides a sustainable and environmentally-friendly
way to contribute towards the constantly growing demand for energy supply and
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storage. However, the production of H2 is constrained by the sluggish kinetics
of the oxygen evolution reaction (OER) at the anode side of a water electrolyzer
[31, 32]. For this reason, huge efforts are devoted to develop low cost electro-90
catalysts with high activity towards OER. RuO2 and IrO2 are the benchmark
catalysts for OER [33] but they are costly and their supply is not sustainable
[34, 35, 36]. Therefore, the production of more efficient and cheap OER cat-
alysts remains an ongoing challenge. During the last years, transition metal
phosphides have attracted the interest of the scientific community for their out-95
standing catalytic activity towards HER [37, 38, 39, 40]. More recently, they
have also been highlighted as catalysts for OER [41, 42]. The OER mecha-
nism of metal phosphide compounds is not completely understood although the
formation of oxides and oxyhydroxides (like FeOOH in the case of Fe-P) at
their surface is thought to be responsible for the high catalytic activity [43, 44].100
The oxidation of phosphides to phosphates during the OER tests has also been
claimed to contribute to the OER activity [45]. Typically, iron phosphides show
less catalytic activity than their nickel and cobalt analogues [46]. An increase
of the catalyst surface area has been demonstrated to remarkably increase the
OER performance [47].105
Although the influence of various electrodeposition parameters such as the
deposition mode (direct current vs pulse plating), time, pH and bath temper-
ature on the composition and structure of Fe-P films has been investigated to
some extent, such studies dealt with continuous films on planar substrates and
nanowires [18, 48]. The electrosynthesis of Fe-P pseudo-ordered porous films110
remains mostly unexplored. Herein we report on the synthesis of macroporous
Fe-P films by electrodeposition through colloidal crystal templates. Special em-
phasis is laid on ensuring the growth of high-quality porous films with tunable
phosphorous content and, in turn, magnetic properties. Alongside, continuous
(also named dense for the sake of clarity) Fe-P films directly electrodeposited115
on an unpatterned electrode were produced for comparative purposes. Surface
polarity was investigated as well and an increase of the contact angle value was
clearly observed in the macroporous coatings irrespective of the Fe/P ratio. In
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spite of their enhanced hydrophobic character, the porous films showed higher
activity toward oxygen evolution reaction (OER) in alkaline media.120
2. Experimental section
2.1. Electrochemical synthesis
Electrodeposition was conducted in a double-jacketed three-electrode cell
connected to a PGSTAT302N Autolab potentiostat/galvanostat (Ecochemie). A
double junction Ag—AgCl (E=+0.210 V/SHE) reference electrode (Metrohm125
AG) was used with 3M KCl inner solution and 1M Na2SO4 outer solution.
A platinum spiral served as a counter electrode. To prepare the continu-
ous films, silicon (111) substrates with e-beam evaporated Ti (10 nm)/Au (90
nm) adhesion/seed layers were used as cathodes. In the case of macroporous
films, Si/Ti/Au substrates patterned by colloidal lithography with carboxylated130
polystyrene (PS) spheres of 350 nm in diameter (purchased from Polysciences)
were used. The spheres were electrophoretically deposited on the substrate in a
custom-made cell consisting of a chamber (1 cm x 1 cm x 0.6 cm) of poly(methyl
methacrylate) (PMMA) glued to a counter electrode of platinized titanium. The
Au-coated substrate (anode) was fixed at a distance of 0.5 cm from the counter135
electrode (cathode). A constant potential was then applied between the anode
and the cathode using an Agilent B2902A power source. An electric field of
120 V cm−1 was applied during 5 min. Immediately after the electrophoretic
deposition, the samples were dried on a hot plate at 50 ◦C for 10 min.
Several electrolyte formulations were screened for the deposition of good140
quality Fe-P films on Si/Ti/Au substrates. FeSO4 · 7H2O salt was selected as
the Fe source and its concentration was kept at 1 M, whereas NaH2PO2 · H2O
was chosen as the P source and its concentration was varied between 0.01 M and
0.5 M. The electrolytes also contained citric acid (0.1-0.5 M), (NH4)2 SO4 (0.1
M) and ascorbic acid (0.05 M) to prevent the oxidation of Fe(II) to Fe(III). The145
pH of the as-prepared electrolytes ranged from pH = 2.0 to pH = 2.5 for the
different electrolytes and was kept unadjusted. The Fe/P ratio in the coatings
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did not considerably vary upon changing the [Fe(II)]/[H2PO2
−1] in solution at
a given current density nor with electrolyte temperature (25 ◦C - 32 ◦C). For
this reason the bath employed in subsequent experiments was 1 M FeSO4 ·150
7H2O, 0.5 M NaH2PO2 · H2O, 0.1 M citric acid, 0.1 M (NH4)2 SO4 and 0.005
M ascorbic acid, which is similar to that reported by Chandrasekar and Mitra
[17]. The pH of the optimized formulation was 2.0 and it was kept unadjusted
for the electrodeposition experiments. Solutions were prepared from analytical
grade reagents and Milli-Q (MQ)-water. Before each deposition, the electrolyte155
was de-aerated with nitrogen gas. Deposition was conducted galvanostatically
in the case of the dense films and potentiostatically in the case of the porous
films. A constant current density between -10 and -50 mA cm−2 or a constant
potential in the range from -0.96 to -1.1 V were applied, respectively. All de-
position processes were carried out at 32 ◦C under stagnant conditions. The160
temperature was maintained by circulating water through the external jacket of
the electrochemical cell using a refrigerated/heated circulator from Julabo (F12
model). After deposition, the samples were rinsed with MQ-water and dried in
air. The PS spheres were selectively etched away by ultrasonication for 4 min
in dimethyl sulfoxide (DMSO), followed by 4 min in dimethylformamide (DMF)165
and finally 15 min in CHCl3. The resulting porous films where thoroughly rinsed
in MQ-water again. Pure macroporous Fe films were synthesized from a differ-
ent electrolyte containing 0.2 M FeSO4 · 7H2O, 0.1 M glycine and 0.0028 M
ascorbic acid (left at its unadjusted pH). The current efficiency of Fe-P deposi-
tion was estimated by comparing the actual weight of material deposited, which170
was determined by inductively coupled plasma optical emission spectrometry
(ICP-OES) analyses, with the Faraday’s law of electrolysis. Prior to ICP-OES
analyses, samples were fully dissolved in 6 wt.% HNO3. From these, an aliquot
of 3 mL was analyzed on a Perkin-Elmer Optima 4300DV spectrometer to de-
termine the concentration of Fe and P in the resulting solutions.175
To prepare the Si/Ti/Au substrates, a 4-inch Si wafer was loaded into a
commercial e-beam evaporation system (Plassys-II MEB550SL) installed in a
cleanroom environment. While in the vacuum chamber, the substrates were
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plasma-treated to remove organic contaminants. Immediately after, a 10 nm Ti
seed layer was evaporated at a rate of 0.1 nm s−1 to act as a buffer interface180
between the native oxide layer present in the silicon surface and a 90 nm Au thin
film, which was evaporated at a rate of 0.5 nm s−1. During e-beam evaporation,
the substrate holder was rotated at 4 RPM to increase the homogeneity of the
surface. To protect the Ti/Au (10/90 nm)-coated Si wafers during the dicing
step, a thin positive-tone photoresist layer (AZ9260, Microchemicals GmbH)185
was spin-coated at 3000 RPM for 60s, followed by a soft-bake at 100 ◦C for
60s. Finally, the wafer was diced into smaller chips and cleaned with acetone,
isopropyl alcohol and MQ-water immediately prior to electrodeposition.
2.2. Characterization
The morphology and composition of the dense and macroporous Fe-P films190
were characterized on a Zeiss Merlin field emission scanning electron microscope
(FE-SEM) equipped with an energy dispersive X-ray (EDX) detector. Room
temperature hysteresis loops were recorded using a vibrating sample magne-
tometer (VSM) from MicroSense (LOT-Quantum Design), with a maximum
applied magnetic field of 2 T applied in-plane. Normalized hysteresis loops by195
the total Fe and P weights, as determined by ICP-OES, are reported. A surface
analyzer (Smartdrop, Femtofab) was used to study the wetting properties of the
films (sessile drop technique). The liquid utilized in the measurements was 1 µL
droplets of MQ-water at room temperature. The reported contact angle values
correspond to the average of two independent measurements. X-ray diffraction200
(XRD) patterns were recorded on a Philips X’Pert diffractometer in the 25-90◦
2θ-range (step size = 0.03◦, holding time = 10 s) using Cu Kα radiation (note
that both wavelengths λ(Kα1)=1.5406 Å and λ(Kα2)=1.5443 Å were used in
the intensity proportion of I(Kα2)=I(Kα1) = 0.5).
2.3. Electrocatalytic activity towards OER205
The electrochemical activity of the dense and macroporous Fe-P films to-
wards OER was measured in the same three-electrode system used for electrode-
position. The outer solution of the Ag/AgCl (3M KCl) electrode was made of
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0.5 M KOH. All potentials measured were converted to RHE using the following
equation: E(RHE) = E(Ag—AgCl) + 0.210 + 0.059 pH. The as-prepared Fe-P210
samples served as the WE. Polarization curves were recorded in a N2-saturated
1 M KOH solution by scanning the potential between 1.0 V and 2.2 V (vs.
RHE) at 50 mV s−1. OER tests were conducted at 25 ◦C. To assess catalysts
stability, 25 linear sweep voltammetry (LSV) curves were run consecutively.
215
3. Results and discussion
3.1. Bath design, morphology and structure of dense and macroporous Fe-P
films
Dense and macroporous Fe-P films were deposited from the optimized elec-
trolyte. For the latter, PS spheres were previously self-assembled on the Au220
surface by electrophoresis. For the sake of comparison, macroporous films made
of pure Fe were also synthesized. In this case, however, a different electrolyte (see
Experimental section for details) was employed since the inclusion of P in the
deposits could not be avoided when plating from the hypophosphite-containing
electrolyte.225
The cyclic voltammetry (CV) recorded from the Fe-P electrolyte (Figure 1)
shows a cathodic wave at around -0.5 V related to protons reduction (no Fe-P
deposition occurs). A tepid increase of the current density is observed from -0.8
V. In this region, both hydrogen evolution and Fe-P deposition coexists [18].
The anodic scan shows two oxidation bands. According to the CV, current230
densities leading to appreciable Fe-P deposition were chosen for deposition on
the unpatterned surfaces.
Figure 2 shows the E-t and j-t transients, respectively, recorded during the
growth of the dense and porous Fe-P films. As aforementioned, galvanostatic
conditions were used (i.e., evolution of potential against time was monitored)235
and the overall charge was kept constant. The monitored potential values were
used later to deposit the macroporous films under potentiostatic conditions. Ac-
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cordingly, the dense films were plated at current densities ranging from -10 to
-50 mA cm−2 (Figure 2a), whereas the porous films were deposited at constant
potential values ranging from -0.96 to -1.1 V (Figure 2b). Notice that poten-240
tiostatic deposition onto the patterned Au surfaces was selected since the real
working area (unshielded areas of the substrate) could not be precisely deter-
mined. Values close to the stabilized potential (Es) previously recorded during
the growth of dense films were applied for the deposition of the macroporous
films. Nevertheless, the lowest applied potential was -0.96 V since no signifi-245
cant deposition was observed at less negative potentials even for long deposition
times.
Figure 2a shows that the value of Es decreases as the applied current den-
sity is made more negative. A similar trend is observed in Figure 2b. Namely,
the current density shifts toward more negative values as the applied poten-250
tial is decreased. The typical nucleation spike is observed in the E-t curve at
the lowest applied current density. Fluctuations are also observed in the E-t
transients, indicating that hydrogen co-evolution accompanies Fe-P deposition.
Interestingly, these become less pronounced as the current density is made more
negative. On the contrary, serrations are apparently exacerbated as the applied255
potential is made more negative during the growth of the macroporous films.
The j-t curve corresponding to the deposition of pure Fe onto the patterned Au
surface is included in Figure 2b. In this case, the applied potential was -1.2 V
since Fe(II) was not efficiently discharged at less negative potentials and, there-
fore, complete coverage of the voids was not attained even for long deposition260
times.
Figure 3 shows the FE-SEM images of the dense films grown at current den-
sities of -10, -20, -30 and -50 mA cm−2 and at a fixed deposition charge (Q
= 20 C cm−2). This resulted in deposit thicknesses ranging between 1.2 and
2.0 microns. The films show a very smooth, featureless surface at the lowest265
current density. The grain morphology becomes gradually visible and cracks
appear upon increasing the current density. These changes in morphology are
accompanied by moderate variations in the chemical composition. The deposits
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contained a significant amount of P between 15 and 25 at.% P (see Table 1)
within the explored window of current densities. The P/Fe ratio was seemingly270
the lowest at -50 mA cm−2. Since intense cracking and film detachment oc-
curred at more negative current densities, the amount of P in the films could
not be decreased further. Indeed, attempts to restrict the incorporation of P in
the deposits by reducing the concentration of hypophosphite in the electrolyte
down to 0.025 M failed. Therefore, it was clear that soon after the incorporation275
of P in the deposits was enabled, P entered the deposits with considerably larger
amounts. The amount of P detected by EDX and ICP-OES after full dissolu-
tion of the films in diluted nitric acid were consistent, being the differences not
larger than 1.5 at.% (see Supporting Information, Table S1). The incorporation
of oxygen in the deposits was also noticed, in amounts ranging from 3 at.% to280
22 at.%, with no clear trend with the de-aeration time prior to plating or the
P percentage in the deposits, although more negative current densities seemed
to favor oxygen incorporation. This is thought to correspond to a significant
increase in the pH of the solution adjacent to the cathode, which results in the
precipitation of iron hydroxides on the cathode and their incorporation in the285
growing deposit. Nevertheless, the deposits showed a metallic luster, opposite
to P-free deposits electroplated from an hypophosphite-free electrolyte, which
exhibited a rough and matte surface (see Supporting Information, Fig. S1). The
presence of oxygen is in agreement with previous reports on electroplated Fe-P
coatings [14, 49]. Indeed, if the amounts are calculated in weight percentage,290
the content of oxygen in the films is between 1-10 wt.%, therefore it is moder-
ate. The efficiency of deposition was calculated to vary between 16% and 29%
as the applied current density was made more negative, in agreement with the
attenuation of the fluctuations observed in the E-t transients. Current efficiency
values are a bit higher than the current efficiencies reported by Sesqueira et al.295
for the electrodeposition of Fe-P from a different bath formulation [14]. Similar
to Ni-P electrodeposition, cathode current efficiency is found to increase with
the increase of the absolute value of the current density [50]. Figure 4 shows
the FE-SEM images of the Fe-P macroporous films obtained through the E-t
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curves shown in Figure 2b after PS spheres removal. The charge flowed dur-300
ing deposition was between 34 C cm−2 and 38 C cm−2. The films display a
pseudo-ordered pore arrangement, the pore size being determined by the diam-
eter of the spheres (350 nm). Slight differences in both pore wall morphology
and pore size were noticed as a function of the applied potential. The samples
deposited at potentials ranging from -0.96 to -1.0 V (Figure 4a-c) showed an305
almost identical architecture consisting of nearly a monolayer of hemispherical
pores. The occurrence of pseudo-hexagonal pore arrays as large as 250 µm2
was observed (see Figure 4c). Meanwhile, the films obtained at more negative
potentials (Figure 4d, e) showed an ill-defined pore structure, featuring discon-
tinuities between neighboring pores and rougher pore walls. Nevertheless, high310
porosity remained. Incipient cracking was observed in Figure 4e, hence following
the same trend with the current density/potential as the dense films.
Table 1: Fe, P and O content (in at.%) determined by EDX in the dense Fe-P films as a
function of the applied current density.
j / mA cm−2 at. % Fe at. % P at. % O
-10 72 25 3
-20 64 20 16
-30 61 22 17
-50 63 15 22
Table 2 lists the amount of Fe, P and O detected in the porous films deposited
within the selected experimental conditions. The phosphorous content generally
increased as the applied potential was made more negative from 6-8 at.% to 14315
at.%. Notice that the P contents were lower than in the dense counterparts,
which can be understood considering that the diffusion and nucleation events
in confined cavities are different from those on planar substrates. More impor-
tantly, the Fe/P ratio in the films showed the reverse trend with the applied
current density (overpotential) compared to the dense counterparts. It is hy-320
pothesized that the serrations observed in both the E-t and j-t curves are some-
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how linked to incorporation of P in the films. Namely, the Fe/P ratio decreases
as the serrations are intensified in either the E-t or j-t curves. This suggests that
the evolution of hydrogen gas reduces the hypophosphite enabling the codeposi-
tion of P with Fe. For deposition on planar (unpatterned) substrates, hydrogen325
evolution is more pronounced at more positive current densities, whereas the
opposite scenario is found when deposition takes place on confined cavities, for
which the distribution of current is not homogeneous. Besides, the codeposition
of higher amount of phosphorus was accompanied by a reduction in the oxygen
content, as it was observed for the dense films. However, the variation did not330
follow a monotonic trend. Overall, the amount of oxygen was higher than in
the dense counterparts. This can be partly attributed to the higher tendency
toward passivation of the macroporous films, composed of thin walls, in con-
tact with air. The porous pure Fe film obtained from a different bath showed
an oxygen percentage similar to the macroporous Fe-P films with 10-14 at.%335
P. However, in this case the applied potential is not strictly comparable and,
therefore, the bath formulation itself also plays a role in determining the Fe/O
ratio.
Table 2: Fe, P and O content (in at.%) determined by EDX in the macroporous Fe-P films
as a function of the deposition potential.
E / V at. % Fe at. % P at. % O
-0.96 60 8 32
-0.98 57 6 37
-1.0 69 10 21
-1.05 62 12 26
-1.1 65 14 21
-1.21 74 0 26
1
Note that this sample was electrodeposited from a P-free electrolyte as detailed in the
Experimental section.
Figure 5 shows a detail of the XRD patterns in the 43-46◦ 2θ range of some
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selected dense and porous Fe-P films. The main peak of the body-centered cubic340
(bcc) phase of Fe, if so, appears in this angular range. The weak diffraction peak
located at 2θ = 43.6◦ is due to the holder. It is known that Fe-P produced by
electrodeposition gradually changes from micro/nanocrystalline to amorphous-
like by increasing the phosphorus content [51]. The boundary between a mi-
crocrystalline and a fully homogeneous amorphous structure is difficult to de-345
termine and depends on the bath formulation and electrodeposition conditions.
Typically, it stands for 20 at.% P. The dense films prepared at current densities
between -10 mA cm−2 and -30 mA cm−2 did not show any reflection. Besides
the amorphous halo, no additional reflection that could indicate a texture effect
was observed in the extended XRD patterns (see Supporting Information, Fig.350
S2). Meanwhile, all the porous samples did show a relatively wide (110) bcc-
Fe peak always. No other peaks ascribed to intermetallic phases such as FeP,
Fe2P or Fe3P phases were detected in the full XRD patterns. Therefore, the
continuous films plated up to -30 mA cm−2 were amorphous-like, which makes
sense considering that their P amount is beyond 20 at.% P, whereas the walls of355
the porous films were nanocrystalline. For the macroporous films, the position
of the α-Fe reflection shifted toward higher angles as P was incorporated into
the deposits. For example, a shift ca. 0.13◦ was observed when 12 at.% P was
alloyed with Fe (compare green and blue profiles in Figure 5). This shift can
be explained considering that the atomic radius of P is smaller than that of Fe,360
which causes a shrinkage of the unit cell [52].
3.2. Surface wettability
The wettability of the dense and macroporous Fe-P films was characterized
by the sessile drop technique, using 1.5 µL of MQ quality water droplets. Figure
6 shows representative photographs of the drop profile immediately after the365
drop was placed onto the films’ surface. The macroporous Fe-P films exhibit
higher contact angles than the dense counterparts. For the latter, the values
range from around 80◦ to 100◦. For the former, the values vary between 107◦
and 135◦ (see Suporting Information, Fig. S3). Therefore, it is clear that the
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porous surfaces are more hydrophobic, which is likely because the air trapped370
within the pores precludes their wetting. This indicates that an intermediate
state between the regimes of Wenzel and Cassie-Baxter predominates in the
macroporous films [53, 54]. Fluctuation of the contact angle values within the
same series of samples (dense vs. macroporous) can be understood on the basis
of their dissimilar chemical composition (P, O contents) and slightly different375
morphology (see for example Figure 4). In any case, the effect of porosity
dominates over the chemical composition, in agreement with other works on
macroporous metallic films [55].
3.3. Magnetic properties
The room temperature in-plane hysteresis loops of the dense and macrop-380
orous Fe-P films deposited at varying current densities and potentials, respec-
tively, are shown in Figure 7. Well-defined hysteresis loops were recorded in all
cases, irrespective of the P content. For the dense films, a soft-ferromagnetic
behavior with coercivity (HC) values ranging between 2 Oe and 11 Oe was ob-
served. As expected, the saturation magnetization (MS) decreased as the P385
content increased, in agreement with previous works from the literature [52].
The values of MS are consistent, bearing in mind that MS of bulk Fe is 217.6
emu g−1. The incorporation of oxygen in the coatings can further contribute to
the reduction of MS compared to pure Fe. Actually, the hysteresis loops were
normalized after dissolving the films for ICP-OES analyses, which enabled to390
determine the deposited mass of iron and phosphorous, but not that of oxygen.
Although Fe is mostly oxidized at the outermost surface, the occurrence of ei-
ther antiferromagnetic (hematite) or ferrimagnetic iron oxides with lower MS
(maghemite, magnetite) would cause a decrease of the MS.
Compared to the dense films, saturation is reached at much higher applied395
fields in the macroporous analogues and the coercivity is larger. Both effects
are probably due to the hindrances imposed by the reduced lateral size of the
pore walls on domain wall propagation as well as the loss of the in-plane shape
anisotropy [27, 56]. Again, a decrease of MS compared to pure Fe is observed.
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Remarkably, all macropous films (except pure Fe) show a similar MS, irrespec-400
tive of the P content. Both the P content and the degree of oxidation of the
porous films can contribute to MS. Since the films with lower P amount (e.g.,
6-8 at.%) show also higher O at.% (see Table 2), it turns out that these films
exhibit virtually the same value of MS as the porous films with 12-14 at.% P.
3.4. Electrocatalytic activity towards OER405
In spite of their hydrophobic character, it was deemed appropriate to investi-
gate the OER performance of the macroporous Fe-P films in alkaline media and
compare it to the behaviour shown by their dense counterparts. The macro-
porous Fe-P films are expected to be suitable candidates for OER, not only
because of their chemical composition but also large surface area [57]. Remark-410
ably, the traditional synthesis of transition metal phosphides often involves the
release of the highly toxic phosphine, which is against of current precepts for
green chemistry and sustainable management [45]. Moreover, the use of a poly-
mer binder during electrode fabrication from catalyst powders is avoided here
since the electrocatalyst material is directly attached to a conductive surface415
during electrodeposition [57, 58, 59].
Figure 8 shows the steady-state polarization curves of the dense and porous
Fe-P catalysts in N2-saturated 1 M KOH solution at a sweeping rate of 50
mV s−1. Although 6 M KOH solution would be more realistic considering the
current water electrolysis in industrial conditions, the selected electrolyte allows420
a relatively good comparative analysis. While the onset for OER is similar in
both sets of samples, the kinetics is faster in the macroporous films (see inset
of Figure 8a) . Given that the performance of an OER catalyst is commonly
measured by the overpotential (η = E − 1.23 V) required to achieve 10 mA
cm−2 per geometric area at ambient temperature and standard pressure, this425
parameter is used here to evaluate the OER activity of our Fe-P deposits. If one
compares the response of the most active film within both sets of samples, η is
726 mV for the dense film electrodeposited at -50 mA cm−2, whereas it decreases
to 580 mV for the macroporous films deposited at -0.96 V and -0.98 V. The
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lower the P content in the dense films, the higher their OER kinetics. In other430
words, the crystalline films performed better than their amorphous analogues.
A similar trend was found in the macroporous films, although in this case all
the films are crystalline. Indeed, the P-free macroporous film was as active as
those films containing 6-8 at.% P. EDX analysis of the P-free macroporous film
indicated the presence of a larger amount of oxygen (26 at.% P). Importantly,435
the reported current density values are referred to the geometric area. This
means that the current densities resulting from considering the actual plated
area of the macroporous films would be much higher. In any case, the η at 10
mA cm−2 of the outperforming macroporous Fe-P films is still around 200 mV
higher than the value of commercial IrOx (320 mV) and those reported in the440
literature for nanostructured Fe-P, Co-Fe-P and Ni-Fe-P based catalysts tested
in 1M KOH [43, 44, 45, 57]. The fact that the here-electrodeposited Fe-P films
are hydrophobic might be partly responsible for the observed modest activity.
It is expected that annealing of the macroporous films at mild temperatures in
vacuum might increase their hydrophilicity while triggering the crystallization of445
active phosphides. Further work is in progress to assess the impact of annealing
over OER performance.
In electrocatalytic processes, catalysts may suffer from deformation of the
structure, poisoning and thus loss of the catalytic activity. In order to examine
their catalytic durability, the dense and macroporous films were subjected to450
25 cycles in 1 M KOH within the potential range from +1.0 to +2.2 V. As
shown in Figure 8c-d, the activity remains fairly the same after 25 linear sweep
voltammetry (LSV) curves. Most importantly, inspection of the films after
OER tests suggested the formation of abundant hydroxides/oxyhydroxides on
the surface of the samples, as noted by the presence of leaf-like features (see455
Figure 9). Expectedly, the corresponding EDX analyses yielded much larger
amount of oxygen than in the pristine films. For example, the EDX analysis of
the dense Fe-P film gave 42 at.% O, 12 at.% P and 46 at.% Fe. The formation
of FeO and FeOOH species during OER tests has been identified as the reason
for the catalytic activity of transition metal phosphides [44].460
17
4. Conclusions
Macroporous Fe-P films with varying P content (8-14 at.% P) were obtained
by potentiostatic electrodeposition on colloidal crystal templates. The pore
walls were nanocrystalline and showed the bcc-Fe structure. Analogous dense
Fe-P films deposited galvanostatically showed larger amounts of P, enabling the465
formation of amorphous-like deposits. The macroporous films were more hy-
drophobic than their dense counterparts, which can be ascribed to the larger
roughness imposed by the macroporous network rather than differences in the
Fe/P ratio. In addition, these films were soft ferromagnetic. The recorded hys-
teresis loops indicated that the porous films were more difficult to saturate and470
exhibited higher coercivity values, probably due to the hindrances imposed by
the pore walls on the propagation of domain walls during magnetization reversal.
In spite of their hydrophobic character, both the dense and macroporous Fe-P
films displayed some OER activity in alkaline media. Thanks to their porous
structure and possibly lower P amounts, the OER kinetics of the macroporous475
films was higher than their dense counterparts. The present work indicates that
Fe-P system is a versatile material whose structure can be engineered on de-
mand by electrodeposition. The resulting coatings are interesting for diverse
applications, including soft-ferromagnetic components, energy-efficient magne-
toelectric actuation, magnetic refrigerators with enhanced performance, water480
cleaning, water splitting or combinations thereof.
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Figure 1. Cyclic voltammetry recorded from the optimized electrolyte on
the Au surface at 50 mV s−1.800
Figure 2. Representative a) E-t transients recorded during the deposition of
dense Fe-P films on the Au surface at the indicated current densities and b) j-t
transients recorded during the deposition of Fe-P on colloidal template arrays
patterned on Au at the indicated potentials. Note that the current densities
reported in b) refer to the geometric surface area of the cathode.805
Figure 3. Low and high (inserts) magnification FE-SEM images of the dense
Fe-P films obtained at different current densities: a) j = -10 mA cm−2, b) j =
-20 mA cm−2, c) j = -30 mA cm−2, and d) j = -50 mA cm−2. The scale bars
indicated in a) apply to b)-d).
Figure 4. Low and high (inserts) magnification FE-SEM images of the810
macroporous Fe-P films obtained at different deposition potentials: a) E = -
0.96 V, b) E = -0.98 V, c) E = -1.0 V, d) E = -1.05 V and e) E = -1.1 V. f)
FE-SEM image of a P-free Fe macroporous film deposited at E = -1.2 V. The
PS spheres were removed prior to the imaging. The scale bars indicated in a)
apply to b)-f).815
Figure 5. Zoomed detail of the XRD patterns in the 43◦-46◦ 2θ range of
selected samples (with the percentage of P indicated). The peak marked with
an asterisk belongs to the holder. ’d.’ and ’p.’ stand for dense and porous films,
respectively.
Figure 6. Photographs of the MQ-water droplets on the surface of a) dense820
Fe-P film obtained at j = -50 mA cm−2 and b) macroporous Fe-P film obtained
at E = -1.1 V.
Figure 7. Room temperature hysteresis loops of a) dense Fe-P films prepared
at the indicated current densities and b) macroporous Fe-P films prepared at
the indicated potentials. The inset in b) shows a magnified detail at low fields.825
The percentage of P is also given.
Figure 8. Steady-state polarization curves recorded in Ar-saturated 1 M
30
KOH electrolyte for a) dense and b) macroporous Fe-P films. The response of a
macroporous pure Fe film is shown for comparison in b). Scan rate: 50 mV s−1.
The inset in a) shows the Tafel slopes for the dense film fabricated at -50 mA830
cm−2 and the porous film fabricated at -1.05 V. c) and d) show the cyclability
of the same films.
Figure 9. SEM images of the surface appearance after OER cycling for a)
dense Fe-P film electrodeposited at -50 mA cm−2 and b) macroporous Fe-P film
electrodeposited at -0.96 V.835
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